Background-The neurotrophin (NT) family, including nerve growth factor NT-3 and brain-derived neurotrophic factor (BDNF), has a critical role in the survival, growth, maintenance, and death of central and peripheral neurons. NTs and their receptors are expressed in atherosclerotic lesions; however, their significance in cardiovascular disease remains unclear. Methods and Results-To clarify the role of NTs in the pathogenesis of coronary artery disease, NT plasma levels in the aorta, coronary sinus, and peripheral veins of patients with unstable angina (nϭ38), stable effort angina (nϭ45), and non-coronary artery disease (nϭ24) were examined. In addition, regional expression of BDNF in coronary arteries was examined in autopsy cases and patients with angina pectoris by directional coronary atherectomy. The difference in BDNF levels, but not NT-3, between the coronary sinus and aorta was significantly greater in the unstable angina group compared with the stable effort angina and non-coronary artery disease groups. Immunohistochemical investigations demonstrated BDNF expression in the atheromatous intima and adventitia in atherosclerotic coronary arteries. BDNF expression was enhanced in macrophages and smooth muscle cells in atherosclerotic coronary arteries. Stimulation with recombinant BDNF significantly enhanced NAD(P)H oxidase activity and the generation of reactive oxygen species in cultured human coronary artery smooth muscle cells. Conclusions-BDNF has an important role in atherogenesis and plaque instability via the activation of NAD(P)H oxidase.
O n January 17, 1995, the great Hanshin-Awaji earthquake hit Kobe, Japan, killing 6433 people. Thereafter, there was an increase in mortality from cardiac disease. 1 Chronic psychological stress appears to have an important role in cardiovascular diseases after traumatic events such as a major earthquake. 2 Psychological factors such as depression and acute and chronic stress are potent risk factors for coronary artery disease (CAD). 2 The precise mechanisms by which psychological factors cause cardiovascular disease, however, remain to be determined. Under psychological stress, the hypothalamus-pituitary-adrenal axis and sympathetic nerve system are activated, and a wide range of neurohumoral factors are dynamically regulated, including neurotrophins (NTs).
NTs form a family of dimeric polypeptides, which include nerve growth factor, brain-derived neurotrophic factor (BDNF), NT-3, and NT-4/5 in humans. [3] [4] [5] NTs have critical roles in the survival, growth, maintenance, and death of central and peripheral neurons. 5, 6 Under psychological stress, the secretion of NTs from the hypothalamus, pituitary gland, and central and peripheral nerves is markedly altered. 7 The biological activities of NTs are mediated via the specific high-affinity receptors trkA, trkB, and trkC and the lowaffinity NT receptor p75. 8, 9 NTs and their receptors are expressed in nonneuronal tissues and various cell types such as developing heart, 10 spleen, 11 atherosclerotic vessels, 12 macrophages, 13 lymphocytes, 14 endothelial cells, 15 and vascular smooth muscle cells, 12 suggesting that NTs have diverse roles even in nonneural organs. The significance of NTs in cardiovascular disease remains to be elucidated.
Acute coronary syndrome occurs as a consequence of coronary plaque rupture and superimposed thrombus. Reactive oxygen species derived from NAD(P)H oxidase have a critical role in the pathogenesis of CAD and plaque instabil-ity. 16 BDNF induces oxidative stress via the activation of this oxidase system in cortical cells. 17 The localization of NTs in the cardiovascular system and their potent biological activities suggest a possible role for these neurotrophic molecules in the pathogenesis of cardiovascular disease, including acute coronary syndrome. To clarify the significance of NTs in the pathogenesis of CAD, we examined NT plasma levels in the coronary circulation of patients with angina pectoris and non-CAD and their regional expression in coronary arteries obtained from autopsied cases and coronary specimens obtained during directional coronary atherectomy (DCA). Furthermore, we examined the pro-oxidative effects of NTs on cultured vascular cells.
Methods

Patient Groups
Patients who underwent diagnostic coronary angiography and patients with angina in whom significant stenosis of the left coronary arteries was documented were enrolled. Subjects were divided into unstable angina (UAP), stable effort angina (SAP), and non-CAD groups. Table 1 shows the clinical characteristics of the 3 groups. The UAP group consisted of 38 patients who had anginal episodes at rest or angina during a mild degree of effort within 48 hours of the study without a significant increase in creatine phosphokinase levels. Patients were classified IB (nϭ14), IIB (nϭ12), and IIIB (nϭ12) according to Braunwald's criteria. The SAP group consisted of 45 patients with typical effort angina or positive treadmill exercise testing but no episodes of angina at rest. All patients with angina had Ͼ75% stenotic lesions in the left coronary artery determined by myocardial perfusion scintigraphy to be the culprit lesion. The non-CAD group consisted of 24 patients with chest pain syndrome (nϭ22) or mitral valve prolapse (nϭ2). They had no significant coronary artery stenosis Ͼ25% luminal diameter. No patients had acute infection, acute inflammation, or psychological disorders. No patients had taken antidepressant drugs, major tranquilizers, steroids, or nonsteroidal antiinflammatory drugs except for aspirin. Written informed consent was obtained from all patients before enrollment in the study.
Human Blood Samples
Before the injection of a contrast medium, blood samples were collected from the coronary sinus (Cs), aortic root (Ao), and femoral vein. At the time of blood sampling, the first 3 mL of blood was discarded, and additional blood was drawn into a tube containing EDTA (pH 7.5) for NT assay. The blood samples were immediately centrifuged at 3000 rpm for 10 minutes at 4°C, and the plasma was stored at Ϫ80°C until assayed.
Measurement of Plasma NT Levels
NTs were measured by sandwich ELISAs according to the manufacturer's instructions for BDNF and NT-3 (Promega). Assays were performed on polystyrene 96-well plates. The NT concentration was quantified against a standard curve calibrated with known amounts of protein. The detection limits were 4 pg/mL for BDNF and 8 pg/mL for NT-3. The BDNF or NT-3 ELISA systems have very low cross-reactivity with other related neurotrophic factors: 3% or 0.11% cross-reactivity, respectively. Each value is a mean of duplicated measurement.
Human Tissue and Immunohistochemistry
Human coronary arteries were collected from 11 autopsy cases within 6 hours after death. Table 2 shows the characteristics of the autopsy cases. Coronary arteries were removed from the heart and cut into 3-mm lengths. Before the immunohistochemical analysis, all autopsy sections were examined by hematoxylin and eosin staining and classified into nonatherosclerotic coronary arteries (nϭ7) and atherosclerotic arteries (nϭ13). Coronary specimens were obtained from patients with SAP (nϭ29) or UAP (nϭ21) during DCA.
Tissue distribution of BDNF was detected through the use of immunohistochemical methods according to the manufacturer's instructions for anti-human BDNF antibody (Chemicon International or Santa Cruz Biotechnology Inc). BDNF antibody has Ͻ0.1% cross-reactivity with recombinant human NT-3 or NT-4/5. Human tissues were fixed in Zamboni's fixative (4% formaldehyde, 15% picric acid in 0.1 mol/L phosphate buffer) for 2 hours and in 30% sucrose in PBS overnight at 4°C. Cryostat sections (20 m) were blocked with 20% normal horse serum in PBS for 1 hour, followed by incubation with primary antibody diluted 1:500 in 2ϫ PBS and 
Double-Labeling Immunofluorescence
The antibodies used in double staining were mouse monoclonal anti-human CD68 antibody (DAKO) for macrophages and mouse monoclonal anti-human smooth muscle ␣-actin antibody (DAKO) for smooth muscle cells. Texas red-conjugated anti-mouse immunoglobulin and FITC-conjugated anti-rabbit immunoglobulin were applied as secondary antibodies. The samples were examined by a laser scanning confocal imaging system (MRC-1024, Bio-Rad Laboratories).
Semiquantitative Analysis of BDNF in Immunohistochemistry
According to a previous study, the expression of BDNF in each DCA specimens was graded as follows: grade 0ϭnegative stain, grade 1ϭvariable or weak stain, and grade 2ϭmoderately or strongly positive stain. 18 The sections were blindly graded by 3 independent senior pathologists.
Measurement of NAD(P)H Oxidase Activity in Human Coronary Artery Smooth Muscle Cells
Human coronary artery smooth muscle cells (CASMCs; Clonetics) were cultured with medium (Clonetics) supplemented with 10% FBS and the manufacturer's reagents (Clonetics). The enzymatic activity of NAD(P)H oxidase in human CASMC homogenates was assessed by lucigenin-enhanced chemiluminescence (L-CL). Human CASMCs were preincubated with or without 100 ng/mL BDNF for 1 hour; suspended in homogenate buffer containing 50 mmol/L Tris/HCL (pH 7.4), 1.0 mmol/L EDTA, 500 mmol/L phenylmethylsulfonyl fluoride, 2.0 mmol/L leupeptin, and 2.0 mmol/L pepstatin A; and then homogenized with an ultrasonicator (4ϫ15 seconds) on ice. In the time-course study, the cells were incubated for each period with 100 ng/mL BDNF; in the dose-response study, they were stimulated with the indicated concentration of BDNF for 1 hour. The assay solution contained 50 mmol/L HEPES (pH 7.4), 1.0 mmol/L EDTA, 6.5 mmol/L MgCl 2 , 5.0 mol/L lucigenin as an electron acceptor, and either 1 mmol/L NADH or 1 mmol/L NADPH as a substrate. After preincubation at 37°C for 10 minutes, the reaction was started by adding 100 L cell homogenate. The final volume of the reaction solution was 1.0 mL. Photon emission was recorded continuously for 20 minutes. The chemiluminescent signals observed in the absence of homogenates were subtracted from the chemiluminescence signals of the samples. The chemiluminescence signal was corrected for the protein concentration of each cell homogenate and expressed as counts per minute per milligram protein for an average 20-minute period. In some experiments, the cell homogenates were preincubated with 10 mol/L diphenylene iodonium (DPI), a selective NAD(P)H oxidase inhibitor, for 20 minutes before L-CL measurement.
Superoxide Production From Human CASMCs
Dihydroethidium oxidative fluorescence dye was used to evaluate in situ production of superoxide. Human CASMCs were preincubated with or without 100 ng/mL BDNF for 1 hour, treated with dihydroethidium (10 mol/L), and then capped with coverslips. The slides were incubated in a light-protected humidified chamber at 37°C for 20 minutes. The dihydroethidium image was obtained by a laser scanning confocal imaging system (MRC-1024) equipped with a 585-nm long-pass filter. Table 1 shows the clinical characteristics of the 3 groups. There were no statistical differences among the 3 groups in the following variables: age, sex, left ventricular ejection fraction, hypertension, diabetes mellitus, hyperlipidemia, smoking, or obesity. There were no significant differences between the UAP and SAP groups in the number of diseased vessels or the degree of angiographic stenosis. There was no difference in the standard medications between the UAP and SAP patients.
Statistical Analysis
Results
Patient Characteristics
BDNF in Coronary Circulation Was Increased in Unstable Angina
There was no difference in plasma levels of BDNF and NT-3 among the 3 groups (Table 3) . To examine coronary circulation-specific levels of NTs, the difference in NT levels between the Cs and Ao was calculated. The Cs-Ao difference in plasma BDNF in the UAP group was significantly greater than that in the SAP and non-CAD groups, whereas there was no Cs-Ao difference in NT-3 among the groups (Figure 1 ). These findings indicate that the generation of BDNF in the coronary circulation was enhanced in patients with UAP.
BDNF Expression in Human Coronary Artery
The blood sampling results ( Figure 1 ) led us to examine BDNF expression in the coronary arteries. Immunohistochemical analysis of coronary arteries obtained from autopsy cases was performed. BDNF was expressed in atherosclerotic coronary arteries in all specimens (Figure 2) . BDNF was preferentially localized in the atheromatous intima and around the vasa vasorum in the adventitia ( Figure 2D and 2E). In contrast, BDNF immunoreactivity was barely detected in nonatherosclerotic coronary arteries ( Figure 2C ). Figure 2F shows BDNF expression in peripheral nerves. Double staining with cell-specific markers using serial sections revealed that some smooth muscle cells and macrophages expressed BDNF (Figure 3 ).
BDNF Expression in Coronary Specimens of Patients With Angina Pectoris
Investigation of coronary specimens from DCA of patients with SAP (nϭ29) and UAP (nϭ21) revealed enhanced BDNF expression in inflammatory cells, smooth muscle cells, and extracellular matrix (Figure 4) . To investigate the Figure 1 . Cs-Ao differences in plasma NT levels across the coronary circulation. The Cs-Ao differences in plasma BDNF were significantly greater in the UAP group than in the SAP or non-CAD group, whereas the Cs-Ao differences in NT-3 were not significantly different among the 3 groups. Data are expressed as medians, with 25th and 75th percentiles (boxes) and 10th and 90th percentiles (I bars). *PϽ0.01 for the comparisons of the UAP, SAP, and non-CAD groups. cell types of BDNF-expressing cells, double immunofluorescence of BDNF and CD68 or ␣-actin, a specific marker of macrophages and smooth muscle cells, respectively, was carried out. As shown in Figure 4E through 4J, smooth muscle cells and macrophages expressed BDNF in coronary specimens of patients with angina pectoris.
Semiquantitative analysis demonstrated that BDNF expression in coronary arteries of UAP patients was more intense compared with SAP (Table 4) . Representative cases of UAP and SAP are shown in Figure 5 .
BDNF Enhanced NAD(P)H Oxidase Activity and Reactive Oxygen Species in Human CASMCs
The effects of BDNF on NAD(P)H oxidase activity were examined in human CASMCs. Stimulation with 100 ng/mL BDNF increased NADH-and NADPH-dependent oxidase activity Ϸ2.7-and 2.3-fold compared with that in control (nontreated) cells, respectively ( Figure 6A ). This oxidative activity was reduced by 10 mol/L DPI, a selective inhibitor of NAD(P)H oxidase. In the presence of DPI, NADH-and NADPH-dependent oxidase activity in CASMCs was reduced by 74% and 45%, respectively. The effects of BDNF on NAD(P)H oxidase activity were dose and time dependent ( Figure 6B ). Furthermore, in experiments with dihydroethidium, an intracellular fluorescence probe, BDNF stimulation increased the generation of reactive oxygen species ( Figure 6C) .
Discussion
The present study demonstrated a significantly greater Cs-Ao difference in plasma BDNF, but not NT-3, in the UAP group than in the SAP and non-CAD groups. Immunohistochemical analysis revealed that BDNF was expressed in atheromatous intima and adventitia in human coronary arteries. Intense BDNF immunoreactivity was observed in macrophages and smooth muscle cells in atherosclerotic coronary arteries. Semiquantitative analysis demonstrated that BDNF expression in UAP patients was more intense compared with SAP. Furthermore, BDNF enhanced NAD(P)H oxidase activity and superoxide production in cultured CASMCs, and its selective inhibitor suppressed the effect of BDNF. Thus, BDNF in the coronary vasculature might enhance oxidative stress via the activation of NAD(P)H oxidase.
BDNF has protective effects against injury or ischemia in both the central and peripheral nervous systems. 4 -6 For example, Schabitz et al 19 demonstrated that intravenous BDNF injection reduces infarct size in rat model. On the other hand, several lines of evidence suggest that NTs potentiate neuronal death under some conditions such as serum or oxygen-glucose deprivation. 20, 21 Kim et al 17 demonstrated that BDNF acts as a pronecrotic factor through activation of NAD(P)H oxidase in cortical cells, and other Table 4 . studies indicated that NTs induce cell death in cerebral ischemia. 22 Thus, the intracellular signaling pathway mediated by NTs can act not only for survival but also as a proapoptotic or pronecrotic pathway in neuronal cells. Whether coronary BDNF induces cell necrosis or apoptosis of vascular cells warrants further investigation. BDNF enhanced the activity of NAD(P)H oxidase and the generation of superoxide in cultured smooth muscle cells. Because oxygen radicals activate matrix metalloproteinases, 23 the oxidative stress by BDNF might induce the instability of atherosclerotic plaques. On the other hand, BDNF has important roles in survival or as a development factor even in nonneuronal tissues such as endothelial cells. 24 BDNF in vasculature may work as a protective factor for endothelial cells in a counterregulatory mechanism. Further investigation is needed to clarify the precise mechanisms of BDNF in the pathogenesis of UAP.
In the present investigation, increased Cs-Ao differences in BDNF were observed in the UAP patents, although there was no significant difference in the numbers of diseased vessels or the degree of coronary stenosis between the SAP and UAP groups. These findings indicate that BDNF in the coronary circulation seems to influence the disease state of angina pectoris rather than the degree of coronary atherosclerosis and plaque formation. Acute coronary syndrome usually occurs at sites with Ͻ70% stenosis, as determined by angiographic studies performed in patients before the onset of coronary events. Therefore, BDNF might be involved in the vulnerability of atherosclerotic plaques. There are several possible origins of BDNF in the coronary circulation, including vascular smooth muscle cells, accumulating inflammatory cells, adventitial fibroblasts, cardiac myocytes, and neural cells. Recently, it has been reported that platelets release BDNF; therefore, activated platelets are a potential origin of BDNF. 25 However, the intense immunoreactivity in patients with UAP suggests that BDNF in the coronary circulation likely comes from atherosclerotic plaques. Plaque rupture and erosion are key events in the pathogenesis of acute coronary syndrome, including unstable angina; therefore, it is possible that disrupted atherosclerotic plaques release BDNF. Some other factors may be involved in the increased Cs-Ao differences in BDNF. Thus, further investigations are necessary to establish the causal relationship between BDNF and plaque rupture.
Psychological stress produces significant increases in heart rate and blood pressure, which might lead to an increased myocardial oxygen demand. Kario et al 26 demonstrated that earthquake-induced stress increased not only blood pressure and blood viscosity determinants but also fibrin turnover with endothelial cell stimulation in a group of hypertensive elderly subjects, suggesting that acute stress might trigger cardiovascular events. On the other hand, psychological stress increases the secretion of NTs from central and peripheral nerves. [27] [28] [29] Neuropsychological studies demonstrate that psychological stress such as immobilization stress increases BDNF mRNA expression in the hypothalamus of experimental models. 29 There is no direct evidence that BDNF in the coronary vasculature is regulated by psychological stress in humans; however, psychological stress might increase the production of BDNF in coronary beds, which in turn augments regional oxidative stress via NAD(P)H oxidase. Further investigation is needed to clarify the regulation of coronary BDNF and the direct effect of psychological stress on NT levels in the coronary vasculature.
Plasma BDNF levels are decreased in patients with psychological disorders such as depression, and the level recovers with antidepressant drug treatment. 27, 30 In our study, we did not enroll patients with mental disorders, and no patients had taken antidepressant drugs or tranquilizers. Although the psychological states of the patients were not examined, we do not consider that the Cs-Ao differences in BDNF were influenced by these factors.
In conclusion, plasma BDNF, but not NT-3, was increased in the coronary circulation in patients with UAP, and BDNF expression was enhanced in coronary arteries of UAP patients. BDNF increased NAD(P)H oxidase activity and superoxide production in human CASMC culture. Our observations suggest that the enhanced oxidative stress induced by BDNF has an important role in plaque instability.
